Background: Little is known about extensor tendon failure following drill injury at the time of volar plate fixation. Our goals were to analyze extensor tendon injury following simulated drill penetration, and change in tendon displacement during cyclic loading following simulated drill penetration injury. Methods: Extensor pollicis longus (EPL) and extensor carpi radialis brevis (ECRB) tendons were harvested from 9 fresh frozen cadaveric arms. Eighteen EPL and 18 ECRB samples were created from harvested tendons. Drill penetration injury was performed in either a continuous or an oscillating mode. Injured tendons were subjected to 1200 cycles at 1-to 15-kg cyclic load at a frequency of 1 Hz, and analyzed for failure at drill sites and change in displacement throughout the testing cycle. Results: Ten EPL samples and 16 ECRB samples completed testing without failure. Tendon type (ECRB, EPL), mode of injury (continuous, oscillating), and location (proximal, distal) did not affect tendon displacement during loading. A single EPL tendon failed following continuous drill penetration injury. Extensor carpi radialis brevis samples had a mean change in displacement of 2.8 (standard deviation [SD]: 1.5 mm) and 5.9 mm (SD: 4.7 mm) for oscillating and continuous modes, respectively. Six EPL samples had a mean change in displacement of 4.7 (SD: 2.7 mm) and 4.3 mm (SD: 1.8 mm) for oscillating and continuous modes, respectively. Conclusions: Complete extensor tendon failure due to drill penetration was rare. Drill mode did not affect the degree of elongation. Increasing cyclic loading of extensor tendons after drill injury caused modest extensor tendon elongation.
Background
Fractures of the distal radius are very common and are increasingly being treated surgically with volar plate fixation. 5, 6 Volar plating has resulted in good to excellent outcomes in multiple studies. 7, 14, 17 In spite of good clinical outcomes, extensor tendon injury and failure due to rupture remains a known complication of volar plate fixation. 1, 3, 9, 23 The incidence of tendon rupture after volar plate fixation is between 0.8% and 12%, with the extensor pollicis longus (EPL) tendon being the most frequently affected. 8, 9, 22 One proposed cause of iatrogenic injury is drill bit penetration. 1, 2, 8, 9, 16, 20, 22 However, little is known about extensor tendon failure. Although prior studies have analyzed injury, rupture, and repair of flexor tendons in the setting of laceration, 10, 13, 15, 18 extensor tendon injury and rupture after iatrogenic drill penetration sustained during surgical fixation of distal radius fractures remains unknown. The primary goal of this study was to analyze the differences in tendon injury caused by either a continuous or an oscillating drill mode. A secondary goal was to analyze change in extensor tendon displacement during cyclic loading following simulated drill penetration injury.
Materials and Methods
Arms from 3 males and 2 females, mean age of 82.8 years (range: 57-96 years), were collected. Ten fresh frozen cadaveric arms were harvested from the midhumerus distally. Nine of the cadaveric arms were utilized for the testing protocol, and a single arm was used prior to testing to verify parameters of the testing protocol. The arms were dissected over the dorsal compartment of the forearm, and the EPL and extensor carpi radialis brevis (ECRB) tendons were removed. Tendons were harvested at their most proximal musculotendinous junction and distally at their insertion, with EPL tendons released distally at the distal phalanx of the thumb and ECRB tendons released at the 1 Oregon Health & Science University, Portland, USA 2 Plastic Surgery Northwest, Spokane, WA, USA attachment to the base of the long finger metacarpal. Following harvesting, tendons were measured using a standardized medical ruler and then sectioned into 2 samples of equal 6-cm lengths. A 1-cm distance from the insertion and musculotendinous junction was removed prior to sectioning of the samples to provide the most robust tendon sample. A 6-cm distance was measured from the distal end, and the tendon was marked. A second 6-cm distance was measured from the most proximal end and marked. Each of the measured marks was sharply incised with a 10-blade scalpel to create a clean tendon sample. Samples were labeled anatomically as proximal or distal. A total of 18 EPL and 18 ECRB samples were harvested for testing. Tendon samples were then marked in 2-cm increments using a surgical marker and photographed. Each sample was then lightly soaked with sterile normal saline solution prior to testing.
Protocol Verification
Prior to testing, a single cadaveric arm was used to evaluate the testing protocol and to ensure that testing of tendon samples under an increasing cyclic load would not exceed the load to failure of injured tendon samples. One EPL and 1 ECRB practice tendon were harvested and sectioned as described above, creating 2 samples of each tendon. Tendon samples were then secured into a custom clamp mounted on a servohydraulic uniaxial mechanical testing system (Bionix; MTS Systems, Eden Prairie, Minnesota). A 2-cm long central piece of tendons remained free between the clamps (Figure 1 ). To our knowledge, no studies have been conducted to determine the passive tensile force to which extensor tendons are subjected during physiologic motion. A previous investigation on tensile loading of flexor tendons determined that a flexor tendon is subjected to an average of 0.9-kg tensile force during active digital motion against no resistance. 21 As such, 1 kg was selected as the simulated physiological preload applied to each tendon sample. A Stryker System 3 drill (Stryker, Inc, Kalamazoo, Michigan) with a 2.8-mm drill bit (Acumed, Hillsboro, Oregon) was used, by hand, to penetrate the central portion of the clamped tendon sample. Drill penetration injuries of all samples were performed by the first author. Due to the variability of tendon sample size and shape, we made 2 punctures, side by side, to ensure sufficient tendinous injury. One EPL and 1 ECRB sample were punctured with the drill in an oscillating mode; 1 EPL and 1 ECRB sample were punctured with the drill in a continuous mode. The 4 tendon samples were distracted at a rate of 0.2 mm/s to a load of greater than 30 kg without failure at the injury site. These pretest findings ensured our cyclic loading parameters would not exceed the load to failure strength of our samples.
Study Sample Cyclic Testing
The remaining 36 tendon study samples were then secured into the clamp mounted on the mechanical testing system as described above. As in protocol verification, we applied the 1-kg simulated physiological load to each sample prior to drill penetration injury. Simulated drill injury was performed in either a predetermined continuous or oscillating mode. Ten distal tendon samples (5 EPL and 5 ECRB) were subjected to a continuous drill injury, and 8 distal samples (4 EPL and 4 ECRB) were subjected to an oscillating drill injury ( Figure 2 ). Ten total proximal samples (5 EPL and 5 ECRB) were subjected to an oscillating drill injury, and 8 proximal samples (4 EPL and 4 ECRB) were subjected to a continuous injury. Following injury, samples were cyclically loaded through 1200 cycles at a frequency of 1 Hz while a cyclic load of 1 kg to 15 kg was applied. Displacement, in millimeters, of each sample was continuously recorded throughout the testing cycle. Loads applied to tendon samples were recorded with a 10-kN load cell (MTS Systems), at a sampling frequency of 1 ms. Tendons were then analyzed for complete failure and change in displacement, in millimeters. Complete failure was defined as either complete tendon rupture or tear propagation from the point of drill injury, resulting in tendon failure along the longitudinal axis of the tendon. Change in tendon displacement, measured in millimeters, was selected to represent tendon elongation throughout cyclic loading. Change in displacement was defined as displacement at maximal load at the end of testing cycle compared with initial displacement at the time that the 1-kg physiologic load was initially applied to the sample. Physiologic load (1 kg) was considered to be the zero point for all samples.
Statistical Analysis
Distributions of the physiologic variables were not normally distributed and are represented with means and standard deviations (SDs). Distributions of displacement change were compared according to drilling mode and tendon type with generalized linear regression. When displacement was compared between just 2 groups (eg, drill mode), this model is analogous to a Student's t test for 2 independent samples. P values of <.05 were considered significant. SAS version 9.2 (SAS Institute, Inc, Cary, North Carolina) was used for statistical analysis.
Results
Ten of the 18 EPL samples (56%) and 16 of the 18 ECRB samples (89%) completed testing without failure (Figure 2) . Two EPL samples injured in oscillating mode and 2 injured in continuous mode completed the 1200 cycles of testing but data failed to record; thus the samples were excluded from our analysis. Seven EPL tendon samples were excluded from analysis due to inability to complete cyclic testing; in 5 samples, the tendon sheared completely through all fibers at the clamp site, and in 2 samples, the tendons slipped at the clamp site resulting in delamination with thinning of the tendon sample preventing further testing. One EPL sample sustained failure due to tear propagation from drill penetration sites, which was considered to be a true failure. This sample was injured during continuous drill penetration and sustained failure at 213 cycles with a load of 8 kg. Two ECRB tendon samples did not complete testing due to slippage from the clamp resulting in delamination ( Figure 3 ). Data from 6 EPL samples (3 oscillating and 3 continuous drill) and 16 ECRB samples (8 oscillating and 8 continuous drill) were available for analysis.
The mean change in displacement of all tendon samples regardless of injury type was 4.4 mm (SD: 3.3 mm). The mean change in displacement of EPL samples regardless of injury type was 4.5 mm (SD: 2.0 mm). The mean change in displacement in the ECRB group regardless of injury type was 4.4 mm (SD: 3.7 mm). We then evaluated whether drill mode (injury type) affected displacement change according to the specific tendons. Drill method did not significantly affect displacement in the EPL samples; tendons injured in oscillating mode had a mean change in displacement of 4.7 mm (SD: 2.7 mm) compared with 4.3 mm (SD: 1.8 mm) in tendons injured in continuous mode (Figure 4) . Extensor carpi radialis brevis samples injured in oscillating mode had a mean change in displacement of 2.8 mm (SD: 1.5 mm) compared with 5.9 mm (SD: 4.7 mm) in these tendons injured in continuous mode (Figure 4 ), although this difference was also not significant (P = .19). Sample location also did not significantly affect tendon displacement. Proximal EPL samples displaced by a mean of 4.6 mm (SD: ±2.6), and distal samples displaced by a mean of 4.2 mm (SD: ±0.3 mm). Proximal ECRB samples displaced by a mean of 3.7 mm (SD: ±1.5 mm), and distal samples displaced by a mean of 5.0 mm (SD: ±5.2 mm) (P = .49). Multiple regression analysis of data from both tendons, summarized over location (proximal, distal) and drill modes of injury (oscillating, continuous), revealed no significant group differences (P = .30; Table 1 ).
All samples with recorded data (EPL, Figure 5A ; ECRB, Figure 5B ) demonstrated continued displacement throughout cyclic loading with a progressive increase in displacement. The single EPL tendon that failed due to tear propagation Note. EPL = extensor pollicis longus; ECRB = extensor carpi radialis brevis.
from the drill penetration sites showed marked displacement prior to failure at cycle 213 ( Figure 5A ).
Discussion
Complete extensor tendon failure due to drill penetration injury was rare, occurring in only a single EPL tendon sample. The single EPL tendon sample that failed was the distal tendon segment from a 96-year-old female, and thus, both age and gender of the sample may have been contributing factors to failure. 12 However, given the advancing age of the patient population undergoing distal radius fracture repair, this particular tendon failure could be representative of an actual in vivo situation. The rarity of complete failure due to simulated injury is a finding consistent with a prior study analyzing flexor tendon failure. 10 Hariharan et al 10 demonstrated that flexor tendons with partial laceration of 50% and 75% of the tendon width failed only at forces that well exceeded the normal physiologic load.
Prior studies differ in that flexor tendons were stressed monotonically to failure, rather than using a cyclic load, and nearly all tendon samples remained intact through loads that were within normal physiologic levels. 10, 19 Though extensor and flexor tendons have different characteristics both biomechanically and anatomically, 11 our findings suggest that a larger initial injury or perhaps a sustained insult to the extensor tendon, such as would occur with prominent hardware, is needed to cause complete failure. 1 All tendon samples underwent progressive tendon elongation change with cyclic loading. Extensor carpi radialis brevis tendon injury following continuous drill penetration resulted in greater displacement with increasing cycles; however, this difference did not reach statistical significance. In comparison with prior studies, Sanders et al 18 analyzed lacerated flexor tendons under cyclic loading, demonstrating a linear pattern of tendon displacement up to approximately 2 mm occurring at 56 cycles of testing, with a sharp increase in displacement at 60 cycles and near immediate failure at 63 cycles. However, in that study, displacement was analyzed in the setting of flexor tendon repair, not primary injury. 18 We selected change in tendon displacement to serve as a surrogate measurement for tendon elongation. It can be speculated that tendon elongation Note. Results from oscillating versus continuous drill modes for ECRB did not differ significantly (P = .19). Sample size was insufficient in the EPL group for statistical analysis. EPL = extensor pollicis longus; ECRB = extensor carpi radialis brevis. could place tendons at risk for eventual failure, but this was not determined by our study and the effects of extensor tendon displacement are not known at this time. While drilling with impunity during volar plate fixation of distal radius fracture should be avoided, one can infer from our study that drill penetration injury with subsequent cyclic loading of the tendon carries a low risk of rupture due to drill injury regardless of the mode of drilling.
There are some limitations to this study. Our design was based on prior analysis of flexor tendon injuries, 15, 18 although flexor and extensor tendons exhibit different characteristics 11 that may not be equivalent biomechanically. In addition, the limited number of tendon samples available for analysis in the EPL groups limited our ability to assess whether continuous or oscillating drill modes resulted in increased tendon displacement. As EPL remains the most commonly injured tendon as a result of iatrogenic causes and is a known injury site with distal radius fractures, 4 a more robust number of samples is needed to assess the impact of oscillating versus continuous drill injury to the EPL tendon. Another limitation is that our simulated study in cadaveric material does not take into account the inflammatory process that occurs following an injury. Our study also did not include a control, noninjured group. Therefore, we could not make comparisons in tendon elongation between injured and intact samples. However, our primary goal was to determine whether drill mode affected tendon elongation and failure, and this did not require a control group. Finally, while we drilled within the central portion of the tendon under a simulated resting physiologic load, we understand that at the time of surgical fixation, this resting tension may be different and therefore may both affect the condition of the tendon at the time of injury and alter the location of injury.
The strengths of this investigation lie in the fact that we investigated 2 tendon regions (proximal and distal) that are conceivably iatrogenically injured during volar plate fixation in 2 different extensor tendons (EPL and ECRB). In addition, we created injuries using both continuous and oscillating drill modes to include all possible injury modes. Cyclic loading over time resulted in increasing extensor tendon elongation, though its significance is not yet known and merits further investigation with a noninjured control group. We found that proximal and distal regions of EPL and ECRB tendons were robust to drill penetration, and thus conclude that complete extensor tendon failure due to drill penetration injury is rare.
